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Description

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention relates to an optical repeater suitable for amplification of wavelength division multiplexing
signals.

Related Background Art

[0002] Almost all of optical amplifiers used with present optical fiber communication systems are rare earth doped
fiber amplifiers. Particularly, erbium doped optical fiber amplifier (referred to as "EDFA" hereinafter) using Er (erbium)
doped fibers have been used frequently. However, a practical gain wavelength band of the EDFA has a range from
about 1530 nm to 1610 nm (refer to "Electron. Lett," vol.33, no.23, pp.1967-1968). Further, the EDFA includes gain
having wavelength dependency, and, thus, when it is used with wavelength division multiplexing signals, difference in
gain is generated in dependence upon a wavelength of optical signal. Fig. 23 shows an example of gain wavelength
dependency of the EDFA. Particularly, in wavelength bands smaller than 1540 nm and greater than 1560 nm, change
in gain regarding the wavelength is great. Accordingly, in order to obtain given gain (in almost cases, gain deviation is
within 1 dB) in the entire band including such wavelength, a gain flattening filter is used.
[0003] The gain flattening filter is a filter designed so that loss is increased in a wavelength having great gain, and the
loss profile has a shape substantially the same as that of the gain profile. However, as shown in Fig. 24, in the EDFA,
when magnitude of average gain is changed, since the gain profile is also changed as shown by curves a, b and c, in
this case, the optimum loss profile of the gain flattening filter is also changed. Accordingly, when the flattening is realized
by a gain flattening filter having fixed loss profile, if the gain of the EDFA is changed, the flatness will be worsened.
[0004] On the other hand, among optical amplifiers, there is an amplifier referred to as a Raman amplifier utilizing
Raman scattering of an optical fiber (refer to "Nonlinear Fiber Optics, Academic Press). The Raman amplifier has peak
gain in frequency smaller than frequency of pumping light by about 13 THz. In the following description, it is assumed
that pumping light having 1400 nm band is used, and the frequency smaller by about 13 THz will be expressed as
wavelength longer by about 100 nm. Fig. 25 shows wavelength dependency of gain when pumping light having central
wavelength of 1450 nm is used. In this case, peak of gain is 1550 nm and a band width within gain deviation of 1 dB is
about 20 nm. Since the Raman amplifier can amplify any wavelength so long as an pumping light source can be prepared,
application of the Raman amplifier to a wavelength band which could not be amplified by the EDFA has mainly be
investigated. On the other hand, the Raman amplifier has not been used in the gain band of the EDFA, since the Raman
amplifier requires greater pump power in order to obtain the same gain as that of the EDFA. When the pumping light
having great power is input to a fiber to increase the gain, stimulated Brillouin scattering may be generated. Increase
amplification noise caused by the stimulated Brillouin scattering is one of the problems which makes it difficult to use
the Raman amplifier. The Japanese Patent Laid-open No. 2-12986 (1990) discloses an example of a technique for
suppressing the stimulated Brillouin scattering in the Raman amplifier.
[0005] Further, the Raman amplifier has polarization dependency of gain and amplifies only a component (among
polarized wave components) coincided with the polarized wave of the pumping light. Accordingly, it is required for
reducing unstability of gain due to polarization dependency, and, to this end, it is considered that a polarization maintaining
fiber is used as a fiber for amplifying or an pumping light source having random polarization condition.
[0006] Furthermore, enlargement of the gain band is required in the Raman amplifier. To this end, Japanese Patent
Publication No. 7-99787 (1995) teaches in Fig. 4 that the pumping light is multiplexed with appropriate wavelength
interval. However, this patent does not disclose concrete values of the wavelength interval. According to a document
(K. Rottwitt, OFC98, PD-6), a Raman amplifier using a plurality of pumping lights having different wavelengths was
reported; however, attempt in the viewpoint of the fact that the gain deviation is reduced below 1 dB was not considered.
[0007] On the other hand, there is an optical repeater for simultaneously compensating for transmission loss and
chromatic dispersion in an optical fiber transmission line, which optical repeater is constituted by combination of an Er
doped fiber amplifier (EDFA) and a dispersion compensating fiber (DCF). Fig. 46 shows a conventional example in which
a dispersion compensating fiber A is located between two Er doped fiber amplifiers B and C. The first Er doped fiber
amplifier B serves to amplify optical signal having low level to a relatively high level and has excellent noise property.
The second Er doped fiber amplifier C serves to amplify the optical signal attenuated in the dispersion compensating
fiber A to the high level again and has a high output level.
[0008] By the way, on designing the optical repeater, it is required that a repeater input level, a repeater output level
and a dispersion compensating amount (loss in the dispersion compensating fiber A) be set properly, and, there is
limitation that the input level of the dispersion compensating fiber A has an upper limit, because, when the input power
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to the dispersion compensating fiber A is increased, influence of non-linear effect in the dispersion compensating fiber
A is also increased, thereby deteriorating the transmission wave form considerably. The upper limit value of the input
power to the dispersion compensating fiber A is determined by self phase modulation (SPM) in one wave transmission
and by cross phase modulation (XPM) in WDM transmission. Thus, regarding the optical repeater, an optical repeater
having excellent gain flatness and noise property must be designed in consideration of the several variable factors.
[0009] Fig. 47 shows a signal level diagram in the repeater. Gain G1 [dB] of the first Er doped fiber amplifier B is set
to a difference between an input level Pin [dB] of the repeater and an input upper limit value Pd [dB] to the dispersion
compensating fiber A. Gain G2 [dB] of the second Er doped fiber amplifier C is set to (Gr + Ld - G1) [dB] from loss Ld
[dB] in the dispersion compensating fiber A, gain Gr [dB] of the repeater and the gain G1 [dB] of the first Er doped fiber
amplifier B. Since these design parameters are varied for each system, the values G1 [dB] and G2 [dB] are varied for
each system, and, accordingly, the Er doped fiber amplifiers B, C must be re-designed for each system. The noise
property in such a system is deeply associated with the loss Ld [dB] in the dispersion compensating fiber A, and it is
known that the greater the loss the more the noise property is worsened. Further, at present, a gap from the designed
value in loss in the transmission line and the loss in the dispersion compensating fiber A are offset by changing the gains
of Er doped fiber amplifiers B, C. In this method, the gain of Er doped fiber amplifier B and C are off the designed value,
thus the gain flatness is worsened. A variable attenuator may be used to offset the gap from the designed value of loss.
In this method, although the gain flatness is not changed, an additional insertion loss worsens the noise property.
[0010] In the optical fiber communication system, although the Er doped optical fiber amplifiers have widely been
used, the Er doped optical fiber amplifier also arises several problems. Further, the Raman amplifier also has problems
that, since output of ordinary semiconductor laser is about 100 to 200 mW, gain obtained is relatively small, and that
the gain is sensitive to change in power or wavelength of the pumping light. So that, when a semiconductor laser of
Fabry-Perot type having relatively high output is used, noise due to gain fluctuation caused by its mode hopping becomes
noticeable, and that, when the magnitude of the gain is adjusted, although drive current of the pumping laser must be
changed, if the drive current is changed, since the fluctuation in the central wavelength is about 15 nm at the maximum,
the wavelength dependency of gain will be greatly changed. Further, such shifting of the central wavelength is not
preferable because such shifting causes change in joining loss of a WDM coupler for multiplexing the pumping light. In
addition, the optical repeater also has a problem that the Er doped optical fiber amplifiers B, C must be re-designed for
each system. Further, the deterioration of the noise property due to insertion of the dispersion compensating fiber is
hard to be eliminated in the present systems.
[0011] In a Raman amplification method for amplifying optical signal by using a stimulated Raman scattering phenom-
enon, a communication optical fiber is used as an optical fiber acting as an amplifying medium, and, in a distributed
amplifying system, a wavelength of pumping light and a wavelength of the optical signal are arranged in 1400nm-1600nm
band having low loss and low wavelength dependency within a wide band of the communication optical fiber. In this
case, regarding the loss of wavelength, dependency of the optical fiber as the amplifying medium, a difference between
maximum and minimum values is below about 0.2 dB/km in the above band, even in consideration of loss caused by
hydroxyl ion (OH) having peak at 1380 nm. Further, even if each pumping powers in a multi-wavelength pumping system
are not differentiated according to the wavelength dependence of the loss, the gain of the signals amplified by the
pumping lights are substantially the same, there is no problem in practical use.
[0012] On the other hand, in a Raman amplifier operating as a discrete amplifier such as EDFA (rare earth doped
fiber amplifier) it is necessary to pay attention to the package of the amplifier fiber, for a length of the fiber is about 10
km to about several tens of kilometers in order to obtain the required gain. Thus, it is convenient that the length of the
fiber is minimized as less as possible. Although the length of the fiber can be shortened by using an optical fiber having
great non-linearity, in the optical fiber having great non-linearity, it is difficult to reduce the transmission loss caused by
OH generally having a band of 1380 nm, and Rayleigh scattering coefficient becomes great considerably in comparison
with the communication fiber, with the result that the difference between the maximum and minimum values of fiber loss
within the above-mentioned wavelength range becomes very great such as 1.5 to 10 dB/km. This means that, when the
optical fiber having length of 3 km is used, the loss difference due to the wavelength of the pumping light becomes 4.5
dB to 30 dB. Thus, the wavelength division multiplexing signals cannot be uniformly amplified by using the pumping
lights having the same intensities.
[0013] EP0139081 discloses an optical fiber communication system for transmitting information-bearing optical signals
over an optical fiber transmission line. One or more amplifiers are provided for periodically collectively amplifying the
transmitted signals to overcome the effects of attenuation.
[0014] EP0139081 discloses an optical fiber communication system for transmitting information-bearing optical signals
over an optical fiber transmission line. One or more amplifiers are provided for periodically collectively amplifying the
transmitted signals to overcome the effects of attenuation.
[0015] WO 98/42088 discloses a multiple optical amplifier including a Raman fiber amplifier first stage coupled to a
rare earth doped fiber amplifier which provides a second stage. The Raman amplifier does not completely absorb the
pump signals, and as such a separate path is provided to apply the excess pump signal to the second stage fiber amplifier
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to pump it.
[0016] JP 10073852 discloses wavelength synthesizing couplers arranged at both ends of an optical fiber transparent
path for transmitting the signal light of a wavelength λs. An exciting light source which outputs an exciting light of
wavelength λpr is connected to the wavelength synthesizing coupler and the exciting light source which outputs the
exciting wavelength λp2 is connected to another synthesizing coupler. The raman amplification band may be made
wider so as to include the signal light wavelength λs by selecting λp1 and λp2.
[0017] EP0762569 discloses a method and apparatus for controlling gain differences between optical signals and
hence an optical output of each individual optical signal, in an optical amplifier including a rare-earth-doped fiber for
optically amplifying a wavelength-division multiplexed signal.
[0018] JP 10012951 discloses a multiplexer that multiplexes an excitation light output from an excitation light source,
and a multiplexing wavelength signal. The mumtiplexed light and signal are input to a rare earth added fiber. A light is
output by the rare earth-doped fiber from an output terminal via an optical isolator.
[0019] EP0734105 discloses an optical fiber amplifier which assures stable operation of a pump light source and
efficiently makes use of residual pump power to achieve improvement in conversion efficiency. The optical fiber amplifier
includes a rare earth doped fiber. Pump light from a pump light source is introduced into one end of the rare earth doped
fiber by way of a first optical coupler, and residual pump light originating from the pump light and arriving at the other
end of the rare earth doped fiber is demultiplexed by a second optical coupler and then reflected by a reflecting mirror.

SUMMARY OF THE INVENTION

[0020] An object of the present invention is to provide an optical repeater capable of uniformly amplifying wavelength
division multiplexing signals and suitable to be incorporated as a unit.
[0021] A further object of the present invention is to provide an optical repeater constituted by an Er doped fiber
amplifier (EDFA) and a dispersion compensating fiber (DCF) thereby to provide an optical repeater in which the EDFA
is not required to be re-designed for each system and which can compensate dispersion in transmission line loss and/or
DCF loss without deteriorating property of the optical repeater.
[0022] Further, by Raman-amplifying the DCF, the deterioration of noise property due to insertion of the DCF which
could not be avoided in the conventional techniques is reduced.
[0023] An example of a Raman amplifier is shown in Figs. 1, 2 and 3. When a small-sized semiconductor laser 3 of
Fabry-Perot type having relatively high output is used in a pumping means 1, relatively high gain can be obtained, and,
since the semiconductor laser 3 of Fabry-Perot type has a wide line width of an oscillating wavelength, occurrence of
stimulated Brillouin scattering due to the pumping light can be eliminated substantially. On the other hand, when a
semiconductor laser of DFB type or DBR type, or a Mater Oscillator Power Amplifier (MOPA) is used in the pumping
means 1, since a fluctuation range of the oscillating wavelength is relatively small, a gain configuration is not changed
by a driving condition. Further, occurrence of stimulated Brillouin scattering can be suppressed by effecting modulation.
[0024] Further, by selecting the interval between the central wavelengths of the pumping light to a value greater than
6 nm and smaller than 35 nm, the wavelength dependency of gain can be redured to the extent that the gain flattening
filter is not required. The central wavelength λe in this case is a value defined regarding the single pumping light and is
represented by the following equation when it is assumed that a wavelength of an i-th longitudinal mods of laser oscillating
is λi and light power included in that mode is Pi: 

[0025] The relationship provided by the above equation is shown in Figure 54.
[0026] The reasons why the interval between the central wavelengths of the pumping light is selected to a value greater
than 6 nm is that the oscillating band width of the semiconductor laser 3 of Fabry-Perot type connected to an external
resonator 5 having narrow reflection band width is about 3 nm as shown in Fig. 12, and that a WDM coupler 11 (Figs.
1, 2 and 3) for combining the pumping lights is permitted to have certain play or margin in wavelength interval between
the-pumping lights in order to improve wave combining efficiency. The WDM coupler 11 is designed so that lights having
different wavelengths are received by different ports and the incident lights are joined at a single output port substantially
without occurring of loss of lights. However, regarding light having intermediate wavelength between the designed
wavelengths, the loss is increased even whichever port is used. For example, in a certain WDM coupler 11, a width of
a wavelength band which increases the loss is 3 nm. Accordingly, in order that the band of the semiconductor laser 3
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is not included within said band, as shown in Fig. 12, a value 6 nm obtained by adding 3 nm to the band with of the
semiconductor later 3 is proper for low limit of the interval between the central wavelengths of the pumping light. On the
other hand, as shown in Fig. 13A, if the interval between the central wavelengths of the semiconductor laser 3 is greater
than 35 nm, as shown in Fig. 13B, a gain valley is created at an intermediate portion of the Raman gain band obtained
by the pumping lights having adjacent wavelengths, thereby worsening the gain flatness. The reason is that, regarding
the Raman gain obtained by the single pumping light, at a position spaced apart from the gain peak wavelength by 15
nm to 20 nm, the gain is reduced to half. Accordingly, by selecting the interval of the central wavelengths of the pumping
light to the value greater than 6 nm and smaller than 35 nm, the wavelength dependency of gain can be reduced to the
extent that the gain flattening filter is not required.
[0027] Since a Raman amplifier has a control means 4 for monitoring input light or output light with respect to the
Raman amplifier and for controlling pump powers of the pumping means 1 on the basis of a monitored result to maintain
output light power of the Raman amplifier to a predetermined value, given output can be obtained regardless of fluctuation
of input signal power to the Raman amplifier and/or dispersion in loss of a Raman amplifier fiber.
[0028] Furthermore, since a Raman amplifier has a controlling means 4 for flattening Raman gain, the gain can be
flattened. Particularly, as shown in Fig. 16, by monitoring lights having wavelengths obtained by adding about 100 nm
to the wavelengths of the pumping lights, respectively, and by controlling the powers of the pumping lights to order or
align the monitored light powers, the gain can be flattened. Further, since a wavelength stabilizing fiber grating (external
resonator 5) which will be described later can suppress the shift in the central wavelength due to change in drive current
of a Fabry-Perot type semiconductor laser, it can also be used as a means for permitting control of the gain.
[0029] Additionally, since a Raman amplifier has a control means 4 for monitoring input signal power and output signal
power and for controlling pumping light power to make a ratio between the input signal power and the output signal
power constant thereby to maintain gain of the Raman amplifier to a predetermined value, given output can be obtained
regardless of fluctuation of the input signal power to the Raman amplifier and/or dispersion in loss of a Raman amplifier
fiber.
[0030] In a Raman amplifier, since an optical fiber having non-linear index n2 of refraction of 3.5E-20 [m2/W] or more
is used as an optical fiber 2, adequate amplifying effect can be obtained, from the result of investigation.
[0031] In a Raman amplifier, since the optical fiber 2 exists as a part of a transmission fiber for propagating the optical
signal, the amplifier can be incorporated into the transmission optical fiber as it is.
[0032] A Raman amplifier utilizes a part of a dispersion managed transmission line and can constituted an amplifier
as it is as a amplifying medium.
[0033] Furthermore, in a Raman amplifier, since the optical fiber 2 exists as an amplifier fiber provided independently
from a transmission fiber for propagating the optical signal and inserted into the transmission fiber, an optical fiber
suitable for Raman amplification can easily be used for the optical fiber 2 and the chromatic dispersion compensating
fiber can easily be utilized, and a discrete amplifier can be constituted.
[0034] Since loss of an optical fiber transmission line 8 is compensated by using the Raman amplifier, an optical
repeater having the function of the Raman amplifier can be provided.
[0035] In a repeater in which rare earth doped fiber amplifier(s) 10 is (are) provided at preceding or following stage
or at both stages of the Raman amplifier, since the loss of the optical fiber transmission line 8 is compensated by the
Raman amplifier 9 and the rare earth doped fiber amplifier(s) 10, desired amplifying property suitable for various trans-
mission systems can be obtained.
[0036] In accordance with an arrangement in which the Raman amplifier 9 and the rare earth doped fiber amplifier 10
are combined, a repeater adapted to various systems can be obtained. This fact will be explained hereinbelow as an
example that DCF is used as the amplifier fiber of the Raman amplifier 9. Fig. 17 shows design parameters of a con-
ventional optical repeater, and the gains G1, G2 are varied for each system. Further, it is not inevitable that input of the
repeater and loss of the DCF are fluctuated by scattering in repeater spacing and scattering in the DCF. Such fluctuation
is directly associated with the fluctuation of the gain of the EDFA, which fluctuation of the gain leads to deterioration of
flatness. Fig. 18 schematically shows a relationship between the flatness and the gain of the EDFA. Since the flatness
is optimized by limiting the used band and the average gain, if the average gain is deviated from the optimum point, the
wavelength dependency of gain is changed to worsen the flatness. In order to avoid the deterioration of the flatness,
the gain of the EDFA must be kept constant. Conventionally, a variable attenuator has been used as a means for
compensating the fluctuation in input level and loss of the DCF. Fig. 19A shows an example that an attenuating amount
of the variable attenuator is adjusted in accordance with the fluctuation of the input level to control the input level to the
DCF to be kept constant and Fig. 19B shows an example that an attenuating amount is adjusted in accordance with the
fluctuation in loss of the DCF to control intermediate loss to be kept constant. In both examples, the gains of two amplifiers
are constant. However, in these methods, since useless loss is added by the variable attenuator, there is an disadvantage
in the viewpoint of noise property. By compensating the change in design parameters of the repeater by the Raman
amplification of the DCF, the gain of the EDFA is kept constant, requirement that the EDFA be re-designed for each
system is eliminated, and the scattering in repeater spacing and scattering in the DCF can be compensated without
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sacrificing the flatness and the noise property. Fig. 20 shows design values of the EDFA when the Raman amplification
of the DCF is applied to the specification of the repeater of Fig. 17. By selecting the Raman gain of the DCF appropriately,
the properties of the EDFA required for three specifications can be made common. Further, as shown in Figs. 21A and
21B, the fluctuation in input level and in loss of the DCF can be compensated by changing the Raman gain without
changing the gain of the EDFA. In any cases, the Raman gain is adjusted so that the output level of the DCF becomes
constant, while keeping the gain of the EDFA constant. Further, by compensating the loss of the DCF itself by the Raman
amplification, the deterioration of the noise property due to insertion of the DCF which could not avoided in the conventional
techniques can be reduced. Fig. 37 shows measured values of a deteriorating amount of the noise figure when the DCF
is inserted and of a deteriorating amount of the noise figure when the Raman amplifier using the same DCF is inserted.
[0037] In the optical repeater when a Raman amplifier using an pumping light source in which wavelengths are not
combined is provided, although an operating wavelength range is narrower, a construction can be simplified and the
same property as the aforementioned optical repeaters can be obtained, except for the band width, in comparison with
an optical repeater having a Raman amplifier pumped by a plurality of wavelengths. Figs. 38 and 39 show measured
examples of the optical repeater using the Raman amplifier pumped by the pumping light source in which wavelengths
are not combined and of the optical repeater using the Raman amplifier pumped by the plurality of wavelengths.
[0038] In the Raman amplifier, when a difference between maximum and minimum values of the central wavelength
of the pumping light is within 100 nm, overlapping between the pumping light and the optical signal can be prevented
to prevent wave form distortion of the optical signal. If the wavelength of the pumping light is similar to the wavelength
of the optical signal, since the wave form of the optical signal may be deteriorated, the wavelength of the pumping light
and the wavelength of the optical signal must be selected so that they are not overlapped. However, in a case where
the pumping light has band of 1.4 Pm, when the difference between the maximum and minimum values of the central
wavelength of the pumping light is smaller than 100 nm, as shown in Fig. 14, since the difference between the central
wavelength of the gain caused by one pumping light and the wavelength of such pumping light is about 100 nm, the
overlapping between the wavelength of the pumping light and the wavelength of the optical signal can be prevented.
[0039] In the Raman amplifier, when the pumping lights having adjacent wavelengths are propagated through the
optical fiber 2 toward two different directions so that the optical signal pumped bi-directionally, the wavelength property
required in the WDM coupler 11 shown in Fig. 1 and Figs. 2 and 3 can be softened. The reason is that, as shown in Fig.
15, in all of pumping lights from both directions, although the central wavelengths become λ1, λ2, λ3, λ4 and the interval
is greater than 6 nm and smaller than 35 nm, when considering the pumping lights from only one direction, the central
wavelengths become λ1 and λ3 or λ2 and λ4 and the wavelength interval increased to twice, with the result that the
property required in the WDM coupler 11 can have margin or play.
[0040] In the Raman amplifier, when the wavelength stabilizing external resonator 5 such as fiber grating is provided
at the output side of the semiconductor laser 3 of Fabry-Perot type, noise due to fluctuation of caused by mode hopping
of the semiconductor laser 3 of Fabry-Perot type can be suppressed. In consideration of one pumping light source, it
makes the bandwidth narrower to connect the wavelength stabilizing external resonator 5 to the semiconductor laser 3.
Since it also results the smaller wavelength interval in case of combining pumping light sources by the WDM coupler
11 (Figs. 1, 2 and 3), pumping light having higher output and wider band can be generated.
[0041] In the Raman amplifier, when the pumping light of the semiconductor laser 3 is used to be polarization-combined
for each wavelength, not only polarization dependency of gain can be eliminated but also the pump power launched into
the optical fiber 2 can be increased. In the Raman amplification, only the components matched with the polarized of the
pumping light can be given the gain. When the pumping light is linear-polarized and the amplifier fiber is not a polarization
maintaining fiber, the gain is changed due to fluctuation of relative state of polarization of the signal and the pumping
light. Therefore, the polarization dependence of gain can be eliminated by combining two linear-polarized pumping lights
so that the polarization planes are perpendicular to each other. Further, it increases the pumping light power launched
into the fiber.
[0042] In the Raman amplifier, in the case where a wavelength combiner of planar lightwave circuit based on a Mach-
Zehnder interferometer is used as a means for wave-combining MOPA or a semiconductor laser of Fabry-Perot type,
DFB type or DBR type having a plurality of wavelengths, even when the number of the wavelengths to be combined is
large, the wave-combination can be achieved with very low loss, and pumping light having high output can be obtained.
[0043] In the Raman amplifier, as shown in Fig. 6, when a polarization plane rotating means 7 for rotating the polarization
plane by 90 degrees is provided so that the optical fiber 2 simultaneously includes the plurality of pumping lights generated
by the pumping means 1 and the pumping lights having a orthogonal state of polarization to the pumping lights generated
by the pumping means 1, in principle, given gain can always be obtained regardless of the state of polarization of the
optical signal, with the result that the band of the Raman gain can be widened.
[0044] In the optical repeater, when the Raman amplification is utilized by coupling residual pumping light of the Raman
amplifier to the optical fiber transmission line 8, a part of loss of the optical fiber transmission line 8 can be compensated.
[0045] In the optical repeater, when the residual pumping light of the Raman amplifier is utilized as pumping light for
the rare earth doped fiber amplifier 10, the number of the semiconductor lasers to be used can be reduced.
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[0046] In the optical repeater, when a dispersion compensating fiber is used as the optical fiber 2 of the Raman
amplifier 9, the chromatic dispersion of the optical fiber transmission line 8 can be compensated by the Raman amplifier
9, and a part or all of the losses in the optical fiber transmission line 8 and the amplifier fiber 2 can be compensated.
[0047] In a Raman amplification method by stimulated Raman scattering in an optical fiber through which two or more
pumping lights having different central wavelengths and said optical signals are propagated, the pumping power launched
into said optical fiber increases as the central wavelengths of said pumping lights is shorter.
[0048] In a Raman amplification method by stimulated Raman scattering in an optical fibre through which two or more
pumping lights having different central wavelengths and said optical signals are propagated, total pumping power on
the shorter wavelength side with respect to the center between the shortest and longest central wavelengths among
said two or more pumping lights is greater than on the longer side.
[0049] In a Raman amplification method by stimulated Raman scattering in an optical fiber through which three or
more pumping lights having different central wavelengths and said optical signals are propagated, the number of the
pumping light sources on the shorter wavelength side with respect to the center between the shortest and longest central
wavelengths among said three or more pumping lights is greater than on the longer side, and the total pumping power
on the shorter wavelength side is greater than on the longer side.

BRIEF DESCRIPTION OF THE DRAWINGS

[0050]

Fig. 1 is a diagram showing a Raman amplifier;
Fig. 2 is a diagram showing a further Raman amplifier;
Fig. 3 is a diagram showing another Raman amplifier ;
Fig. 4 is a diagram showing a first example of a controlling means in the Raman amplifier;
Fig. 5 is a diagram showing a second example of a controlling means in the Raman amplifier;
Figs. 6A and 6B are diagrams showing different examples of a polarization plane rotating means in the Raman
amplifier;
Fig. 7 is a diagram showing an optical repeater;
Fig. 8 is a diagram showing a further optical repeater;
Fig. 9 is a diagram showing another optical repeater ;
Fig. 10 is a diagram showing yet another optical repeater ;
Fig. 11 is a diagram showing an embodiment of an optical repeater according to the present invention;
Fig. 12 is an illustration of why a wavelength interval of pumping light is selected to be greater than 6 nm;
Figs. 13A and 13B are illustrations of why a wavelength interval of pumping light is selected to be smaller than 35 nm;
Fig. 14 is an illustration of why a difference between a longest wavelength and a shortest wavelength is selected to
be smaller than 100 nm;
Fig. 15 is an illustration of an example of wavelength arrangement of pumping lights in bi-directional pumping;
Fig. 16 is an illustration of how a condition that a gain over a specified band is flattened by controlling pumping light
power;
Figs. 17A and 17B are illustrations of properties associated with designing of the optical repeater;
Fig. 18 is an illustration of a relationship between fluctuation in gain of EDFA and deterioration of flatness;
Fig. 19A is an illustration of how a condition that fluctuation in input level due to a variable attenuator is compensated,
and Fig. 19B is an explanatory view showing a condition that fluctuation in loss of DCF due to a variable attenuator
is compensated;
Figs. 20A and 20B are illustrations of properties associated with designing of the optical repeater utilizing a Raman
amplification in DCF;
Fig. 21A is an illustration of how a condition that fluctuation in input level due to the Raman amplification is com-
pensated, and Fig. 21B is an explanatory view showing a condition that fluctuation in loss of DCF due to the Raman
amplification is compensated;
Fig. 22 is an illustration of different examples of output spectrum in the Raman amplifier;
Fig. 23 is an illustration of wavelength dependency of gain due to EDFA;
Fig. 24 is an illustration of fluctuation in gain due to EDFA;
Fig. 25 is an illustration of wavelength dependency of gain due to Raman amplification;
Fig. 26 is a diagram showing a control method for controlling output light power by monitoring input light;
Fig. 27 is a diagram showing a control method for controlling output light power by monitoring output light;
Fig. 28 is a diagram showing a control method for controlling output light power by monitoring input light and output
light;
Fig. 29 is a diagram showing a first example of a method for obtaining Raman gain by coupling residual pumping
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light of the Raman amplifier to an optical fiber transmission line;
Fig. 30 is a diagram showing a second example of a method for obtaining Raman gain by coupling residual pumping
light of the Raman amplifier to an optical fiber transmission line;
Fig. 31 is a diagram showing a third example of a method for obtaining Raman gain by coupling residual pumping
light of the Raman amplifier to an optical fiber transmission line;
Fig. 32 is a diagram showing a fourth example of a method for obtaining Raman gain by coupling residual pumping
light of the Raman amplifier to an optical fiber transmission line;
Fig. 33 is a diagram showing a first example of a method for utilizing the residual pumping light of the Raman amplifier
as pumping light of EDFA;
Fig. 34 is a diagram showing a second example of a method for utilizing the residual pumping light of the Raman
amplifier as pumping light of EDFA;
Fig. 35 is a diagram showing a third example of a method for utilizing the residual pumping light of the Raman
amplifier as pumping light of EDFA;
Fig. 36 is a diagram showing a fourth example of a method for utilizing the residual pumping light of the Raman
amplifier as pumping light of EDFA;
Fig. 37 is an illustration of deterioration of noise figure due to insertion of a dispersion compensating fiber;
Fig. 38 is an illustration of the number of pumping wavelengths of the Raman amplifier and property of the repeater;
Fig. 39 is an illustration of the number of pumping wavelengths of the Raman amplifier and property of the repeater;
Fig. 40 is a diagram of an optical repeater in which a plurality of Raman amplifiers are connected in a multi-stage
fashion;
Fig. 41 is a diagram showing an example of a pumping means having a single pumping light source;
Fig. 42 is a diagram showing another example of a pumping means having a single pumping light source;
Fig. 43 is a diagram showing an example of a pumping means having two pumping light sources;
Fig. 44 is a diagram showing another example of a pumping means having two pumping light sources;
Fig. 45 is a diagram of a Raman amplifier in which a dispersion compensating fiber is used as an amplifier fiber;
Fig. 46 is a diagram showing an example of a conventional optical repeater;
Fig. 47 is an illustration of signal level diagram in the optical repeater of Fig. 46;
Fig. 48 is a diagram showing a case where SMF and a fiber having dispersion smaller than -20/ps/nm/km are used
as the amplifier fiber;
Fig. 49 is an illustration of an example of an arrangement for carrying out a Raman amplification method ;
Fig. 50 is an explanatory view showing an pumping light source of Fig. 49;
Fig. 51 is a view showing gain profile of a optical signal Raman-amplified by the Raman amplifying method;
Fig. 52 is a view showing gain, profile of a optical signal Raman-amplified by a conventional method;
Fig. 53 is an explanatory view showing another example of an arrangement for carrying out a Raman amplification
method; and
Fig. 54 illustrates the relationship between wavelength and the longitudinal mode of the laser.

BEST MODE FOR CARRYING OUT THE INVENTION

[0051] Fig. 1 shows a raman amplifier.
[0052] The Raman amplifier comprises a signal input fibre 12, an amplifier fiber (optical fiber) 2, a WDM coupler 13,
a pumping means 1, a tap coupler for monitoring 14, a monitor signal detecting and LD control signal generating circuit
15, a signal output fiber 16, and a polarization independent isolator 25. The tap coupler for monitoring 14 and the monitor
signal detecting and LD control signal generating circuit 15 constitute a controlling means 4.
[0053] The pumping means 1 includes semiconductor lasers 3 (31, 32, 33, 34) of Fabry-Perot type, wavelength stabilizing
fiber ratings (external resonators) 5 (51, 52, 53, 54), polarization coupler (polarization beam combiner) 6 (61, 61), and a
WDM coupler 11. Oscillating wavelengths of the semiconductor lasers 31, 32 and permeation wavelengths of the fiber
gratings 51, 52 are the same wavelength λ 1, and central wavelengths of the semiconductor lasers 33, 34 and permeation
wavelengths of the fiber gratings 53, 54 are the same wavelength λ2, and the oscillating wavelengths of the semiconductor
lasers 31, 32, 33, 34 can be subjected to the action of the wavelength stabilizing fiber gratings 51, 52, 53, 54 so that the
central wavelengths are stabilized to λ1, λ2. Further, a wavelength interval between the wavelength λ1 and the wavelength
λ2 is selected to be greater than 6 nm and smaller than 35 nm.
[0054] Pumping lights generated by the semiconductor lasers 31, 32, 33, 34 are polarization-combined by the polari-
zation coupler 6 for each wavelength λ1, λ2, and output lights from the polarization coupler 6 are combined by the WDM
coupler 11 to obtain output light of the pumping means 1. Polarization maintaining fibers 17 are connected between the
semiconductor lasers 3 and the polarization coupler 6 to obtain two pumping lights having different polarization planes.
The output light of the pumping means 1 is coupled to the amplifier fiber 2 via the WDM coupler 13; on the other hand,
an optical signal (wavelength division multiplexing signal) is incident on the amplifier fiber 2 from the optical signal input
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fiber 12 and then is combined with the pumping light of the pumping means 1 in the amplifier fiber 2 to be Raman-
amplified, and the Raman-amplified light is passed through the WDM coupler 13 and is sent to the monitor light branching
coupler 14, where a part of the light is branched as a monitor signal, and the other is outputted to the optical signal
output fiber 16. The monitor signal is monitored in the monitor signal detecting and LD control signal generating circuit
15, and the circuit 15 generate a signal for controlling drive currents for the semiconductor lasers 3 so that gain deviation
in the signal wavelength band becomes small.
[0055] The amplifier fiber 2 may be a special fiber suitable for Raman amplification (for example, a fiber having non-
linear index of refraction n2 of 3.5 E-20 [m2/W] or more) or may be an extension of the signal input fiber 12 by which
the optical signal is received. Further, as shown in Fig. 48, RDF (reverse dispersion fiber) having dispersion of less than
-20 ps/nm per 1 km may be connected to SMF so that the amplifier fiber can also act as a transmission line. (Generally,
since RDF has dispersion of less than -20 ps/nm, RDF having a length substantially the same as or greater, by twice,
than a length of SMF may be used.) In such a case, preferably,it is designed so that the Raman amplifying pumping
light is propagated from the RDF toward the SMF. In the Raman amplifier, the amplifier fiber 2 may be connected to and
inserted into a transmission fiber (not shown) to which the optical signal is transmitted, and the amplifier fiber 2, pumping
means 1, WDM coupler 13, monitor light branching coupler 14, and monitor signal detecting and LD control signal
generating circuit 15 may be incorporated to constitute a concentrated Raman amplifier.
[0056] Fig. 22 shows the output spectrum of the Raman amplifier of Fig. 1. In this experiment, the wavelength of 1435
nm and 1465 nm were used as the pumping wavelengths λ1 and λ2 in Fig. 1. The power of the input signals is -20
dBm/ch, and the wavelengths are arranged at an even space between 1540 nm and 1560 nm. The amplifier fiber 2 was
a dispersion compensating fiber having a length of about 6 km, and powers of the pumping lights were adjusted to
compensate the loss of the dispersion compensating fiber while keeping deviation between channels within 0.5 dB.
[0057] Fig. 2 shows a Raman amplifier in which the pumping light from the pumping means 1 is propagated toward
the same direction of the optical signal in the amplifier fiber 2. More specifically, the WDM coupler 13 is provided at a
input end of the amplifier fiber 2, and the pumping light from the pumping means 1 is transmitted, through the WDM
coupler 13, from the input end to output end of the amplifier fiber 2. In this arrangement, since amplification is effected
before attenuation of signal, the noise property of the optical signal is superior to that in respect of Figure 1. Further, it
was found that the gain is smaller in comparison with that of Figure 1.
[0058] Fig. 3 shows a Raman amplifier in which pumping lights from an pumping means 1 are propagated in two
directions through the amplifier fiber 2. More specifically, WDM couplers 13 are provided at input and output ends of the
amplifier fiber 2, respectively, and the pumping lights from two groups of the pumping means 1 are coupled to the
amplifier fiber 2 through the respective WDM couplers 13 so that the pumping light launched into the input side WDM
coupler 13 is propagated toward the output end of the amplifier fiber 2 and the pumping light launched into the output
side WDM coupler 13 is propagated toward the input end of the amplifier fiber 2.
[0059] Central wavelengths of semiconductor lasers31, 32 included in the first group A of the pumping means 1 and
central wavelengths of semiconductor lasers 35, 36 included in the second group B are the same, and central wavelengths
of semiconductor lasers 33, 34 included in the first group A and central wavelengths of semiconductor lasers 37, 38
included in the second group B are the same. Further, fiber gratings 51 to 58 are matched with the central wavelength
of the semiconductor lasers 3 to which the fiber gratings are connected, respectively.
[0060] In the Raman amplifier shown in Fig. 3, when it is assumed that the central wavelengths of the semiconductor
lasers 31, 32 included in the first group A are λ1, central wavelengths of the semiconductor lasers 33, 34 included in the
first group A are λ3, central wavelengths of the semiconductor lasers 35, 36 included in the second group B are λ2, and
central wavelengths of the semiconductor lasers 37, 38 included in the second group B are λ4, the wavelengths λ1, λ2,
λ3, λ4 may be adjacent wavelengths. Also in this case, the interval between the central wavelengths is greater than 6
nm and smaller than 35, and the difference between the maximum central wavelength λ4 and the minimum central
wavelength λ1 is smaller than 100 nm. With this arrangement, the wavelength interval of the pumping lights combined
in the same group can have play or margin and performance required for the WDM couplers 13 can be loosened.
[0061] Fig. 40 shows a Raman amplifier. Appropriate Raman amplifiers are selected among the Raman amplifiers 9
described in respect of the above figures and the selected Raman amplifiers are connected together in a multi-stage
fashion. By properly selecting the Raman amplifiers 9 having different characteristics in accordance with the desired
amplifying property and noise property, a property which could not be achieved by a single Raman amplifier can be
obtained.
[0062] The output light power controlling means 4 may be designed as shown in Fig. 4 or Fig. 5. In an arrangement
shown in Fig. 4, a monitor signal detecting and LD control signal generating circuit 15 comprising a wavelength demul-
tiplexer 18, optical/electrical, converting means 19 such as photo-diodes and an LD control circuit 20 is connected to a
monitor light branching coupler 14 as shown in Fig. 1, 2, or 3. The wavelength demultiplexer 18 serves to demultiplex
the output light branched by the monitor light branching coupler 14 into a plurality of wavelength lights. In this case,
lights near the maximum amplification wavelengths (each of which is a wavelength obtained by adding 100 nm to the
pumping light wavelength) of the respective pumping lights are demultiplexd (more specifically, when the pumping



EP 1 018 666 B1

10

5

10

15

20

25

30

35

40

45

50

55

wavelengths are 1430 nm and 1460 nm, wavelength lights near 1530 nm and 1560 nm are demultiplexd). Each of the
optical/electrical converting means 19 serves to convert the received wavelength light into an electrical signal, so that
output voltage is varied with magnitude of the light receiving level. The LD control circuit 20 serves to change the drive
currents for the semiconductor lasers 3 in accordance with the output voltages from the optical/electrical converting
means 19, and, by calculating and processing the output voltage from the optical/electrical converting means 19, the
semiconductor lasers 3 are controlled so that light powers of the wavelength lights are ordered or aligned. That is to
say, the output light power controlling means 4 acts to eliminate the wavelength dependency of the Raman gain thereby
to flatten the gain.
[0063] In an arrangement shown in Fig. 5, a monitor signal detecting and LD control signal generating circuit 15
comprising a power splitter 21, band pass filters 22, optical/electrical converting means 19 such as photo-diodes and
an LD control circuit 20 is connected to a monitor light branching coupler 14. The power splitter 21 serves to branch the
output light branched by the monitor light branching coupler 14 into lights having the same number as the pumping lights.
The band pass filters 22 have different permeable central wavelengths, and, in this case, permit to pass lights near the
maximum amplification wavelengths (each of which is a wavelength obtained by adding 100 nm to the pumping light
wavelength) of the respective pumping lights (more specifically, when the pumping wavelengths are 1430 nm and 1460
nm, pass of wavelength lights near 1530 nm and 1560 nm are permitted). Each of the optical/electrical converting means
19 serves to convert the received wavelength light into an electrical signal, so that output voltage is varied with magnitude
of the light receiving level. The LD control circuit 20 serves to change the drive currents for the semiconductor lasers 3
in accordance with the output voltages from the optical/electrical converting means 19, and, by calculating and processing
the output voltage from the optical/electrical converting means 19, the semiconductor lasers 3 are controlled so that light
powers of the wavelength lights are ordered or aligned. That is to say, the output light power controlling means 4 acts
to eliminate the wavelength dependency of the Raman gain thereby to flatten the gain. Although Figs. 4 and 5 show
arrangements for controlling the pumping means 1 by monitoring the output light as shown in Fig. 27, as shown in Fig.
26, an arrangement for controlling the pumping means 1 by monitoring the input light can be utilized, or, as shown in
Fig. 28, an arrangement for controlling the pumping means 1 by monitoring both the input light and the output light can
be utilized.
[0064] In the Raman amplifiers having the above-mentioned constructions, in place of the fact the pumping lights are
combined by the polarization wave composing coupler 6, as shown in Figs. 6A and 6B, a polarization plane rotating
means 7 for rotating polarization plane of the pumping light by 90 degrees may be provided, so that the plural pumping
lights generated by the pumping means 1 and pumping lights having polarization planes perpendicular to those of the
former pumping lights are simultaneously pumped in the amplifier fiber 2. Fig. 6A shows an arrangement in which a
Faraday rotator 31 and a total reflecting mirror 32 are provided at an end of the amplifier fiber 2 so that the polarization
plane of the pumping light propagated to the amplifier fiber 2 is rotated by 90 degrees to be returned to the amplifier
fiber 2 again. In Fig. 6, a means for picking up the optical signal propagated to and Raman-amplified in the amplifier
fiber 2 from the fiber 2 is not shown. Fig. 6B shows an arrangement in which a PBS 33 and a polarization maintaining
fiber 34 are provided at an end of the amplifier fiber 2 so that the polarization plane of the pumping light outputted from
the end of the amplifier fiber 2 is rotated by 90 degrees by the polarization maintaining fiber 34 connected to twist its
main axis by 90 degrees, to be inputted to the end of the amplifier fiber 2 again through the PBS 33.
[0065] Fig. 7 shows an optical repeater constructed by using a Raman amplifier described above. In this example,
the optical repeater is inserted into an optical fiber transmission line 8 to compensate loss in the optical fiber transmission
line 8. In this optical repeater, a rare earth doped fiber amplifier (referred to as "EDFA" hereinafter) 10 is connected to
a rear stage of the Raman amplifier 9 as shown in Fig. 1, 2 or 3 so that the optical signal transmitted to the optical fiber
transmission line 8 is inputted to the Raman amplifier 9 to be amplified and then is inputted to the EDFA 10 to be further
amplified and then is outputted to the optical fiber transmission line 8. The gain of the repeater may be adjusted by the
Raman amplifier 9 or by the EDFA 10 or by both amplifiers so long as the loss of the optical fiber transmission line 8
can be compensated in total. Further, by properly combining a difference between the wavelength dependency of gain
of the EDFA 10 and the wavelength dependency of the Raman amplifier 9, the wavelength dependency of gain of the
EDFA 10 can be reduced by the wavelength dependency of the Raman amplifier 9.
[0066] Fig. 8 shows another optical repeater constructed by using the Raman amplifier described above. In comparision
to the optical repeater shown in Fig. 7, an additional EDFA 10 is also provided at a front stage of the Raman amplifier
9. Incidentally, the EDFA 10 may be provided only at the front stage of the Raman amplifier 9.
[0067] Fig. 9 shows another optical repeater constructed by using the Raman amplifier described above.
[0068] There is provided a Raman amplifier 9 in which a dispersion compensating fiber (DCF) is used as the amplifier
fiber 2 between two EDFAs 10. Between the Raman amplifier 9 and the EDFA 10 at the rear stage thereof, there are
provided a branching coupler 23 for branching the output light from the Raman amplifier 9, and a monitor signal detecting
and LD control signal generating circuit 24 for monitoring the branched light and for controlling the gain of the Raman
amplifier 9. The monitor signal detecting and LD control signal generating circuit 24 is a control circuit capable of keeping
the output power of the Raman amplifier 9 to a predetermined value. Incidentally, when the Raman amplifier 9 itself has
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the controlling means 4 as shown in Fig. 4 or Fig. 5, the power of the output light is controlled to become the predetermined
value, and, at the same time, the power of the pumping light is controlled so that level deviation between plural output
signals become small.
[0069] In the optical repeater shown in Fig. 9, the output light level of the Raman amplifier 9, i.e., input level to the
second EDFA 10 is always kept constant without being influenced by the loss of the DCF and the output level of the first
EDFA 10. This ensures that, when the output of the repeater is defined, the gain of the second EDFA 10 is kept constant.
In this way, deterioration of gain flatness of the second EDFA 10 due to fluctuation in loss of the DCF is avoided. Further,
when the first EDFA 10 is controlled so that the gain becomes constant, the fluctuation of input to the repeater is
compensated by the varying of gain of the Raman amplifier 9. Namely, the adjustment is effected only on the basis of
the gain of the Raman amplifier 9, with the result that the deterioration of gain flatness due to fluctuation in gain of the
EDFA 10 can be avoided completely.
[0070] Fig. 10 shows another ample wherein, in comparison to Fig. 9, a control means for adjusting the gain of the
Raman amplifier 9 by monitoring the light level is also provided between the first EDFA 10 and the Raman amplifier 9.
By using such control means, the pumping light can be controlled to keep the difference between the input and output
levels of the Raman amplifier 9 constant, with the result that only the dispersion of the loss of the DCF can be compensated.
[0071] Fig. 11 shows an embodiment, in accordance with the present invention, wherein the gain flattening monitor
mechanism is shifted to the output end of the repeater and is used as a monitor for flattening the gain of the entire
repeater. In this case, the first EDFA 10 and the second EDFA 10 may perform the gain constant control or the output
constant control. The powers of the pumping lights are independently controlled to reduce the level deviation between
the output signals at the output of the repeater.
[0072] In an optical repeater a dispersion compensating fiber is used as the amplifier fiber 2 of the Raman amplifier
shown in Fig. 1, 2 or 3 to compensate dispersion of wavelength of the optical fiber transmission line 8, so that the losses
in the optical fiber transmission line 8 and the amplifier fiber 2 are compensated partially or totally.
[0073] In accordance with the above-mentioned optical repeater, a Raman amplifier 9 using an pumping means 1
shown in Fig. 41, 42, 43 or 44 may be constituted.
[0074] As shown in Figs. 29 to 32, WDM couplers 13 are inserted on the way of the amplifier fiber 2 of the Raman
amplifier 9 so that residual pumping light from the pumping means 1 propagated to the amplifier fiber 2 is inputted to
the optical fiber transmission line 8 through a WDM coupler 27 provided in the optical fiber transmission line 8 at the
input or output side of the Raman amplifier 9, thereby also generating Raman gain in the optical fiber transmission line
8. Incidentally, in Figs. 29 to 32, the reference numeral 26 denotes an isolator.
[0075] As shown in Figs. 33 to 36, when the optical repeater comprises the Raman amplifier 9 and the EDFA 10,
WDM couplers 13 are inserted on the way of the amplifier fiber 2 of the Raman amplifier 9 so that residual pumping light
from the pumping means 1 propagated to the amplifier fiber 2 is inputted to the EDFA 10 to be used as pumping light/
auxiliary pumping light for the EDFA 10. Incidentally, in Figs. 33 to 36, the reference numeral 26 denotes an isolator.
[0076] A Raman amplifying method will now be fully explained with reference to Figs. 49 to 52. In this method, a
dispersion compensating fiber (DCF) having high non-linearity is used in a Raman amplifying medium 50 shown in Fig.
49 and pumping light generated from an pumping light source 51 is inputted and transmitted to the Raman amplifying
medium through a wave combiner 52. In this case, as shown in Fig. 50, as the pumping light source 50, a 4ch-WDMLD
unit comprising four pumping light sources (semiconductor lasers), fiber Bragg gratings (FBG), polarization beam com-
biner (PBC) and a WDM is used. The semiconductor lasers shown in Fig. 50 generate pumping lights having different
central wavelengths (more specifically, generate pumping lights having central wavelengths of 1435 nm, 1450 nm, 1465
nm and 1480 nm, respectively). These pumping lights give Raman gain to an optical signal transmitted from the DCF,
thereby amplifying the optical signal. In this case, each of the pumping lights has gain peak at frequency shorter than
its frequency by about 13 THz (i.e., wavelength greater by about 100 nm).
[0077] When the optical signal having wavelength of 1500 nm to 1600 nm is propagated to the DCF having a length
of 6 km from one end thereof and the pumping lights having wavelengths of 1400 nm, 1420 nm, 1440 nm, 1460 nm,
and 1480 nm are inputted to the DCF thereby to Raman-amplify the optical signal, the input optical signal and an output
optical signal outputted from the other end of the DCF (Raman-amplified optical signal) were checked to evaluate total
loss of the wavelength and DCF. The following Table 1 shows a relationship between the wavelength and DCF total
loss. From this, it is apparent that there is wavelength dependency:

Table 1

wavelength (nm) unit loss (dB/km) total loss (dB)

1400 6.76 40.56

1420 3.28 19.68

1440 1.74 10.44
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[0078] Here, when it is considered that effect total loss is given by adding the loss of the semiconductor laser to the
loss of the optical signal amplified by the semiconductor laser at the side of the longer wavelength greater by about 100
nm, a relationship between the wavelength and the effect total loss becomes as shown in the following Table 2:

[0079] Since there is substantially no wavelength dependency of the Raman amplification itself, when it is regarded
that amplifying efficiency for each wavelength is influenced by the effect total loss, by adding the effect total loss to the
outputs of the semiconductor lasers required for desired amplifying properties, the wavelengths can be Raman-amplified
substantially uniformly, and the wavelength dependency of the gain can be eliminated. Thus, the shorter the central
wavelength of the pumping light the higher the light power.
[0080] In a Raman amplifying method, in order to Raman-amplify substantially uniformly the optical signals having
wavelengths of 1500 nm to 1600 nm transmitted by the DCF, among two or more pumping lights incident on the DCF,
light powers of pumping lights having wavelengths smaller than center (middle) between the shortest central wavelength
and the longest central wavelength are increased. More specifically, central wavelengths of the pumping lights generated
by the pumping light source 51 shown in Fig. 50 and incident on the DCF are selected to 1435 nm, 1450 nm, 1465 nm
and 1480 nm and the light powers thereof are selected as follows. That is to say, the light powers of the pumping lights
having the wavelengths of 1435 nm and 1450 nm which are smaller than the center (1457 nm) between the shortest
central wavelength (1435 nm) and the longest central wavelength (1480 nm) among four pumping lights incident on the
DCF are increased, as follows:

Light power of 1435 nm : 563 mW

Light power of 1450 nm : 311 mW

Light power of 1465 nm : 122 mW

Light power of 1480 nm : 244 mW

[0081] As a result, the gain profile of the optical signal having wavelength of 1500 nm to 1600 nm (after Raman-
amplified) transmitted by the DCF provides gain of about 11 dB from 1540 nm to 1590 nm, with the result that the flatness
becomes 1 dB, as shown in Fig. 51. That is to say, the wavelength lights transmitted by the DCF can be Raman-amplified
substantially uniformly.

(continued)

wavelength (nm) unit loss (dB/km) total loss (dB)

1460 1.16 6.96

1480 0.85 5.10

1500 0.69 4.14

1520 0.62 3.72

1540 0.57 3.42

1560 0.55 3.30

1580 0.54 3.24

1600 0.59 3.54

Table 2

wavelength (nm) effect total loss (dB)

1400 40.56+4.14 44.7

1420 19.68+3.72 23.4

1440 10.44+3.42 13.86

1460 6.96+3.30 10.26

1480 5.10+3.24 8.34
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[0082] Incidentally, when the central wavelengths of the pumping lights generated by the pumping light source 51 and
incident on the DCF are selected to 1435 nm, 1450 nm, 1465 nm and 1480 nm and the light powers thereof are selected
to 563 mW uniformly, the gain profile of the optical signal having wavelength of 1500 nm to 1600 nm (after Raman-
amplified) transmitted by the DCF becomes as shown in Fig. 52. That is to say, although gain of about 24 dB can be
obtained near the wavelength of 1580 nm, wide band gain flatness cannot be achieved (loss spectrum of the fiber is
turned over).
[0083] Fig. 53 shows a Raman amplifying method. In the Raman amplifying method shown in Fig. 53, pumping lights
are combined by a wave combiner utilizing a principle of a Mach-Zehnder interferometer. The wavelengths of the pumping
lights which can be combined becomes equidistant. Among wavelengths which can be combined, several wavelengths
are not used, and the wavelength number at the short wavelength side of the pumping light band is greater than the
wavelength number at the long wavelength side. In this arrangement, when the power of all of the pumping lights having
various wavelengths are the same, the total power of the pumping lights at the short wavelength side becomes greater
than the total power of the pumping lights at the long wavelength side. This provides substantially the same effect as
the effect obtained by setting the power at the short wavelength side to be greater than the power at the long wavelength
side under the condition that the pumping lights are arranged equidistantly. Accordingly, by setting as shown in Fig. 53,
the gain profile can be flattened without creating great difference between the powers of the pumping lights. This means
that the total power of the pumping lights in which gain profile in a predetermined band can be flattened can be increased
with determining the upper limit of the output power from one pumping light and therefore that the gain of the amplifier
can be increased.

Industrial Availability

[0084] In the Raman amplifier, by selecting the wavelengths of the pumping light sources so that the interval between
the central wavelengths becomes greater than 6 nm and smaller than 35 nm and the difference between the maximum
central wavelength and the minimum central wavelength becomes within 100 nm, there can be provided an optical
amplifier in which the wavelength dependency of gain is reduced to the extent that the gain flattening filter is not required
and in which, if the gain is changed, the flatness can be maintained. Further, this amplifier can be applied to an optical
repeater for compensating loss of a transmission line and wavelength dispersion. In a repeater constituted by the
combination of the amplifier and EDFA, fluctuation of the EDFA due to fluctuation of input of the repeater and/or fluctuation
in loss of DCF can be suppressed to avoid deterioration of gain flatness and the repeater can be applied to various systems.
[0085] In the Raman amplifying method. since the shorter center wavelength of the pumping light among two or more
pumping lights incident on the DCF the greater the power, or, since the power of the pumping light at the short wavelength
side with respect to the center between the shortest central wavelength and the longest central wavelength among two
or more pumping lights incident on the DCF is increased, in any cases, even when an optical fiber having high non-
linearity is used, wavelength multiplexing lights of about 1500 nm to about 1600 nm can be amplified with substantially
the same gain. In other words, by using the optical fiber having high non-linearity, the required gain can be obtained
even with a short optical fiber. Further, since the optical fiber can be shortened, a Raman amplifier which can be unitized
can be provided.

Claims

1. An optical repeater adapted to be inserted into a transmission line so as to compensate loss in said transmission
line, comprising:

a Raman amplifier (9) including an optical fiber having characteristics of dispersion compensation and a pumping
means (1) comprising a plurality of pumping light sources (3) and in which optical signals propagated through
the optical fiber are Raman-amplified by the pumping light sources (3) coupled into the fiber, wherein said
pumping means (1) comprises semiconductor lasers of Fabry-Perot, DFB or DBR type or MOPAs; and the
central wavelengths of the pumping light sources (3) are different from each other wherein a wavelength interval
between the central wavelengths of the pumping light sources (3) is greater than 6 nm and smaller than 35 nm;
a rare earth doped fiber amplifier (10) disposed at the following stage to said Raman amplifier (9); and
a controlling means (4) arranged to flatten the wavelength dependency of the gain of the repeater by adjusting
the pumping power of each of the pumping light sources (3) of the pumping means (1) on the basis of a result
given by an output power monitoring means (24) monitoring the output power of the rare earth doped fiber
amplifier (10).

2. An optical repeater according to claim 1, wherein
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the controlling means (4) is arranged to maintain the repeater output power to a predetermined value by adjusting
the pumping power of each of the pumping light sources (3) of the pumping means (1) on the basis of the result
given by the repeater output power monitoring means (24).

3. An optical repeater according to any preceding claim, wherein
said optical fiber, in which optical signals are Raman-amplified, has non-linear index coefficient n2 of refraction of
3.5E-20 m2/w or more.

4. An optical repeater according to any preceding claim, wherein
said optical fiber, in which optical signals are Raman-amplified, exists as a part of said transmission line.

5. An optical repeater according to claim 1 or 2, wherein
said optical fiber, in which optical signals are Raman-amplified, comprises a standard single mode fiber (SMF) and
a fiber having dispersion of less than - 20/ps/nm/km.

6. An optical repeater according to any preceding claim, wherein
a further rare earth doped fiber amplifier (10) is disposed at a preceding stage to said Raman amplifier (9).

7. An optical repeater according to claim 6, wherein
the gain of said rare earth doped fiber amplifier (10) disposed at the following stage to said Raman amplifier (9) is
kept constant and the gain of the repeater is adjusted by the gain of said Raman amplifier (9).

Patentansprüche

1. Optischer Zwischenverstärker, der dafür eingerichtet ist, in eine Übertragungsleitung eingesetzt zu werden, um
dadurch Verluste in der Übertragungsleitung zu kompensieren, umfassend:

einen Raman-Verstärker (9), der eine optische Faser mit Dispersionskompensationskennwerten und ein Pump-
mittel (1), das eine Vielzahl von Pumplichtquellen (3) umfasst, aufweist und in dem optische Signale, die über
die optische Faser übertragen werden, durch die in die Faser eingekoppelten Pumplichtquellen (3) Raman-
verstärkt werden, wobei das Pumpmittel (1) Halbleiterlaser vom Fabry-Perot-, DFB- oder DBR-Typ oder MOPAs
umfasst und die Mittenwellenlängen der Pumplichtquellen (3) sich voneinander unterscheiden, wobei ein Wel-
lenlängenintervall zwischen den Mittenwellenlängen der Pumplichtquellen (3) größer als 6 nm und kleiner als
35 nm ist;
einen seltenerddotierten Faserverstärker (10), der in der Stufe angeordnet ist, die dem Raman-Verstärker (9)
folgt; und
ein Steuermittel (4), das dafür eingerichtet ist, die Wellenlängenabhängigkeit des Gewinns des Zwischenver-
stärkers abzuflachen, indem die Pumpleistung jeder der Pumplichtquellen (3) des Pumpmittels (1) auf der
Grundlage eines Ergebnisses nachgeregelt wird, das durch ein Ausgangsleistungsüberwachungsmittel (24),
das die Ausgangsleistung des seltenerddotierten Faserverstärkers (10) überwacht, gegeben wird.

2. Optischer Zwischenverstärker nach Anspruch 1, wobei
das Steuermittel (4) dafür eingerichtet ist, die Zwischenverstärker-Ausgangsleistung auf einem vorbestimmten Wert
zu halten, indem die Pumpleistung jeder der Pumplichtquellen (3) des Pumpmittels (1) auf der Grundlage des durch
das Zwischenverstärker-Ausgangsleistungsüberwachungsmittel (24) gegebenen Ergebnisses nachgeregelt wird.

3. Optischer Zwischenverstärker nach einem der vorhergehenden Ansprüche, wobei
die optische Faser, in der optische Signale Raman-verstärkt werden, einen nichtlinearen Brechungsindexkoeffizi-
enten n2 von 3,5 E-20 m2/W oder mehr hat.

4. Optischer Zwisehenverstätker nach einem der vorhergehenden Ansprüche, wobei
die optische Faser, in der optische Signale Raman-verstärkt werden, als ein Teil der Übertragungsleitung existiert.

5. Optischer Zwisehenverstärker nach Anspruch 1 oder 2, wobei
die optische Faser, in der optische Signale Raman-verstärkt werden, eine standardgemäβe Monomodefaser (SMF)
und eine Faser mit einer Dispersion von weniger als -20 ps/nm/km umfasst.
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6. Optischer Zwiscbenverstärker nach einem der vorhergehenden Ansprüche, wobei
ein weiterer seltenerddotierter Faserverstärker (10) in einer Stufe angeordnet ist, die dem Raman-Verstärker (9)
vorausgeht.

7. Optischer Zwiseheuvezstärker nach Anspruch 6, wobei
der Gewinn des seltenerddotierten Faserverstärkers (10), der in der Stufe angeordnet ist, die dem Raman-Verstärker
(9) folgt, konstant gehalten wird und der Gewinn des Zwischenverstärkers durch den Gewinn des Raman-Verstärkers
(9) nachgeregelt wird.

Revendications

1. Répéteur optique conçu pour être inséré dans une ligne de transmission de sorte à compenser une perte dans
ladite ligne de transmission, comprenant :

un amplificateur Raman (9) comprenant une fibre optique ayant des caractéristiques de compensation de
dispersion et des moyens de pompage (1) comprenant une pluralité de sources lumineuses de pompage (3)
et dans lequel les signaux optiques propagés à travers la fibre optique sont amplifiés Raman par les sources
lumineuses de pompage (3) couplées dans la fibre, dans lequel lesdits moyens de pompage (1) comprennent
des lasers à semi-conducteurs de Fabry-Pérot, du type DFB ou DBR ou MOPA ; et les longueurs d’onde
centrales des sources lumineuses de pompage (3) sont différentes les unes des autres, un intervalle de longueurs
d’onde entre les longueurs d’onde centrales des sources lumineuses de pompage (3) étant supérieur à 6 nm
et inférieur à 35 nm ;
un amplificateur à fibre dopée aux terres rares (10) disposé à l’étage suivant dudit amplificateur Raman (9) ; et
des moyens de contrôle (4) conçus pour aplanir la dépendance en longueur d’onde du gain du répéteur en
ajustant la puissance de pompage de chacune des sources lumineuses de pompage (3) des moyens de pompage
(1) sur la base d’un résultat donné par des moyens de surveillance de puissance de sortie (24) surveillant la
puissance de sortie de l’amplificateur à fibre dopée aux terres rares (10).

2. Répéteur optique selon la revendication 1, dans lequel
les moyens de contrôle (4) sont conçus pour maintenir la puissance de sortie du répéteur à une valeur prédéterminée
en ajustant la puissance de pompage de chacune des sources lumineuses de pompage (3) des moyens de pompage
(1) sur la base du résultat donné par les moyens de surveillance de la puissance de sortie du répéteur (24).

3. Répéteur optique selon l’une des revendications précédentes, dans lequel
ladite fibre optique, dans laquelle les signaux optiques sont amplifiés Raman, a un coefficient d’indice de réfraction
non linéaire n2 de 3,5 E - 20 m2/W ou plus.

4. Répéteur optique selon l’une quelconque des revendications précédentes, dans lequel
ladite fibre optique, dans laquelle les signaux optiques sont amplifiés Raman, existe sous forme d’une partie de
ladite ligne de transmission.

5. Répéteur optique selon la revendication 1 ou 2, dans lequel
ladite fibre optique, dans laquelle les signaux optiques sont amplifiés Raman, comprend une fibre monomode
standard (FMS) et une fibre ayant une dispersion inférieure à -20/ps/nm/km.

6. Répéteur optique selon l’une quelconque des revendications précédentes, dans lequel
un autre amplificateur à fibre dopée aux terres rares (10) est disposé à un étage précédent par rapport audit
amplificateur Raman (9).

7. Répéteur optique selon la revendication 6, dans lequel
le gain dudit amplificateur à fibre dopée aux terres rares (10) disposé à l’étage suivant par rapport audit amplificateur
Raman (9) est maintenu constant et le gain du répéteur est ajusté par le gain dudit amplificateur Raman (9).
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